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Introduction {#anie201912053-sec-0001}
============

Periodate can selectively cleave carbon--carbon bonds of a variety of 1,2‐difunctionalized alkanes, which makes it intriguing for a variety of fundamental and industrial applications, such as for functionalization of C−H bonds,[1](#anie201912053-bib-0001){ref-type="ref"} and either structure determination or derivatization in carbohydrate chemistry.[2](#anie201912053-bib-0002){ref-type="ref"} Periodate oxidation of polysaccharides under relatively mild reaction conditions is widely used to endow the polysaccharide chains with aldehyde groups, for example, to transform cellulose into polymeric 2,3‐dialdehyde cellulose.[2a](#anie201912053-bib-0002a){ref-type="ref"}, [2b](#anie201912053-bib-0002b){ref-type="ref"}, [3](#anie201912053-bib-0003){ref-type="ref"} Usually, periodate oxidation is performed in mildly acidic solutions, whereas the periodate oxidation of lignocelluloses in alkaline solutions has not been reported. Inspired by our previous work,[4](#anie201912053-bib-0004){ref-type="ref"} the rarely used alkaline periodate oxidation shows potential in preparing cellulose nanocrystals (CNCs), which are recognized as a promising nanomaterial for future applications.[5](#anie201912053-bib-0005){ref-type="ref"}

It is well known that CNCs represent the highly ordered portions within cellulose and they have advantageous properties,[6](#anie201912053-bib-0006){ref-type="ref"} which include excellent mechanical properties, amphiphilicity, chirality, and variable surface chemistry. As a renewable bio‐nanomaterial, CNCs are attracting and will continuously draw attention from academic and industrial fields.[7](#anie201912053-bib-0007){ref-type="ref"} However, native cellulose microfibers generally contain both ordered and non‐ordered regions, so the removal of non‐ordered parts is necessary to obtain homogeneous CNCs. The existing methods for the separation of CNCs generally rely on the harsh degradation or separation of non‐ordered parts using a strictly controlled process. This separation can generally be realized by cleaving the glycosidic bonds with corrosive mineral acids at high temperature,[8](#anie201912053-bib-0008){ref-type="ref"} by TEMPO‐mediated oxidation of primary hydroxy groups,[9](#anie201912053-bib-0009){ref-type="ref"} by exploiting their different dissolution processes in ionic liquids,[10](#anie201912053-bib-0010){ref-type="ref"} or by the unselective acidic periodate oxidation of hydroxy groups at C2 and C3.[11](#anie201912053-bib-0011){ref-type="ref"} However, new selective chemical methods are still needed to significantly reduce the cost of producing CNCs, to further advance the applications of CNCs in our real life.

Herein, we show the selective, facile, and highly efficient isolation of CNCs by alkaline periodate oxidation (PO‐CNCs) at pH 10 by preferentially oxidizing and degrading the non‐ordered regions. This selective isolation is based on the structural difference between the ordered and non‐ordered cellulose regions, which show different cyclization abilities with dimeric orthoperiodate ions. Salient features of our findings include: 1) the first alkaline periodate oxidation on diverse lignocelluloses, 2) a novel method for producing CNCs, 3) the first process combining periodate oxidation and β‐alkoxy fragmentation in a one‐pot reaction, 4) revealing the selectivity of alkaline periodate oxidation on cellulose having different structures, ordered and non‐ordered, 5) mechanistic insights into selective alkaline periodate oxidation for the isolation of CNCs, and 6) confirmation of the existence of dimeric orthoperiodate ions (H~2~I~2~O~10~ ^4−^).

Results and Discussion {#anie201912053-sec-0002}
======================

The periodate oxidation at pH 10 was performed firstly on microcrystalline cellulose (MCC), which can be taken as the pure cellulose (Figure [1](#anie201912053-fig-0001){ref-type="fig"}). The effects of a few critical reaction parameters (pH value, the amount of periodate, reaction time, and temperature) were investigated (see Figure S2 in the Supporting Information). As the most suitable reaction conditions, 7.04 g (0.031 mol) of periodic acid (H~5~IO~6~) were used to oxidize 1 g of MCC (0.0062 mol of anhydroglucose units) at room temperature for 14 days in the dark. The pH value was adjusted to 10±0.05 with an aqueous KOH solution at the beginning of the reaction (Figure [1](#anie201912053-fig-0001){ref-type="fig"} A and B). The total solids after the reaction were obtained by ultracentrifugation before purification with dialysis and the ultrasonication (180 W for 1 hour). After the removal of large fractions from purified total solids by the centrifugation at 3000 rpm at 25 °C for 20 minutes, PO‐CNCs were obtained within the stable suspension as the supernatant. The contents of obtained PO‐CNCs reached 40.1 wt. % after the collection of all possible CNCs from the total solids (see Table S1). The contents of the PO‐CNCs after the first separation by ultracentrifugation were referred to as the minimal yields, and only the amount of the PO‐CNCs from the first separation were used for the calculation of yield.

![Selective separation of PO‐CNCs by performing periodate oxidation at pH 10. A) Flow diagram representing the isolation process. B) Schematic representation of the isolation process on lignocellulose. (Simplified cartoons for the distribution of ordered and non‐ordered regions within cellulose microfibers are shown in the image for better visualization. The non‐ordered regions are shown as chains along the elementary fibrils and single lines between ordered regions.). C) TEM image of PO‐CNCs with the scale bar of 250 nm. The inset shows a photo of an aqueous PO‐CNCs suspension (1 wt. %). D) Optical image of aqueous PO‐CNCs suspension (1 wt. %) between crossed polarizers showing chiral nematic structures (see Figure S1). E) Proposed route for the selective oxidation of cellulose and further degradation, which results in soluble compounds.](ANIE-59-3218-g001){#anie201912053-fig-0001}

TEM and AFM images of the dried PO‐CNCs revealed their typical needle‐like morphology (Figure [1](#anie201912053-fig-0001){ref-type="fig"} C; see Figure S3). The PO‐CNCs had a crystallinity of 57.1 % according to solid‐state NMR analysis (see Figure S4). The surface zeta‐potential of the PO‐CNCs was measured to be −25.5±5.0 mV (see Figure S5). The PO‐CNCs showed characteristic chiral nematic structures when dispersed in aqueous suspensions (Figure [1](#anie201912053-fig-0001){ref-type="fig"} D and S1). Successful preparation of PO‐CNCs by alkaline periodate oxidation at pH 10 indicates efficient cleavage of the non‐ordered regions within the cellulose microfibers that represent the connections between the ordered domains. The reaction is highly efficient, as the ultrasonication treatment only increased the yield of the PO‐CNCs by about 7 wt.%. In contrast, no CNCs were obtained in control experiments without periodate at the same pH value.

Similar to acidic periodate oxidation, the alkaline periodate oxidation starts with the cyclization of periodate ions and the dihydroxy groups at C2/C3 of the anhydrogluose units of cellulose. The cyclization between periodate ions and dihydroxy groups subject to general acid‐base catalysis, which requires activated hydroxy groups either on C2 or C3.[12](#anie201912053-bib-0012){ref-type="ref"} It should be noted that the C3‐hydroxy groups of cellulose chains in the outermost layers of the ordered domains are generally blocked by forming robust inter‐ and intramolecular hydrogen bonds for the ordered arrangement.[13](#anie201912053-bib-0013){ref-type="ref"} During the alkaline periodate oxidation, the activation of the deeply buried protons on the C3‐hydroxy groups will need to overcome the steric hindrance and break the hydrogen bonds as well as Van der Waals forces. However, this process is strongly retarded because the increase of pH value from 4 to 10 decreases the oxidation potential (*E* ~Ox~) of the periodate‐iodate couple from −1.6 V to −0.7 V.[14](#anie201912053-bib-0014){ref-type="ref"} Therefore, the cyclization between dihydroxy groups in ordered regions and periodate ions is highly hampered in alkaline conditions (Figure [2](#anie201912053-fig-0002){ref-type="fig"} A). In comparison, the C3‐hydroxy groups within non‐ordered regions should be readily accessible for the cyclization. Thus, periodate oxidation rates of ordered and non‐ordered cellulose regions should be different, promoting the degradation of non‐ordered regions and the isolation of PO‐CNCs. Furthermore, the deprotonation of monoanionic periodate (H~4~IO~6~ ^−^) by hydroxide ions leads to dianionic periodate (H~3~IO~6~ ^2−^) or dimeric orthoperiodate (H~2~I~2~O~10~ ^4−^) with more negative charges (see Figure S6). This arrangement enhances the electrostatic repulsion between periodate ions and the surface of the PO‐CNCs (Figure [2](#anie201912053-fig-0002){ref-type="fig"} A), further reducing the potential of cyclization between periodate ions and dihydroxy groups on the PO‐CNC surface.

![Selective isolation process for PO‐CNCs. A) Schematic representation of the selective reaction leading to PO‐CNCs with carboxy groups. B) Yields of recovered total solid and minimal yields of PO‐CNCs after the reactions of up to 30 days. C) Average amounts of carboxy groups on recovered total solid and PO‐CNCs. D) Size distributions of obtained PO‐CNCs after the reaction of various days. E) Diverse mass reduction after 14 days periodate oxidation of MCC and PO‐CNCs. F) A representative Raman spectrum of the reaction solution at pH 10 without MCC, showing dimeric orthoperiodate as the main form of periodate. G) The yields of the total solid and PO‐CNCs after the periodate oxidation using diverse bases for adjusting pH value to 10.](ANIE-59-3218-g002){#anie201912053-fig-0002}

Despite the amplified difference in oxidation rates for ordered and non‐ordered regions, around 44 wt. % of the cellulose is soluble in aqueous solution after 14 days of reaction. The main product in solution was formic acid according to NMR analysis (see Figure S7). Based on previous reports about periodate oxidation of cellulose[14](#anie201912053-bib-0014){ref-type="ref"}, [15](#anie201912053-bib-0015){ref-type="ref"} and further degradation of oxidized cellulose,[16](#anie201912053-bib-0016){ref-type="ref"} a sequential selective oxidation and degradation route should be the primary procedure leading to soluble products (Figure [1](#anie201912053-fig-0001){ref-type="fig"} E). The periodate oxidation slowly generates 2,3‐dialdehyde cellulose at first,[15](#anie201912053-bib-0015){ref-type="ref"} which then undergoes rapid β‐alkoxy fragmentation at the C5−O5 bonds.[16](#anie201912053-bib-0016){ref-type="ref"}, [17](#anie201912053-bib-0017){ref-type="ref"} The non‐ordered regions are further oxidized, degraded, and removed from the bulk cellulose as water‐soluble small molecules, and promote the release of PO‐CNCs (Figure [1](#anie201912053-fig-0001){ref-type="fig"} B). Thus, the alkaline periodate oxidation of cellulose at pH 10 demonstrates a highly selective oxidation and degradation process of non‐ordered regions. The cleavage of both C2−C3 and C5−O5 bonds by periodate oxidation and β‐alkoxy fragmentation demonstrates a novel strategy for yielding homogeneous PO‐CNCs. At the same time, rapid β‐alkoxy fragmentation and further oxidation leads to carboxy groups on the PO‐CNC surface instead of aldehyde groups (Figure [2](#anie201912053-fig-0002){ref-type="fig"} A; see Figure S7).

The periodate oxidation was monitored for up to 30 days to investigate the details of this process (Figure [2](#anie201912053-fig-0002){ref-type="fig"} A). The amount of total solids recovered from the isolation process decreased steadily with longer reaction times, while the minimal yield of PO‐CNCs increased (Figure [2](#anie201912053-fig-0002){ref-type="fig"} B). The yield of total solids from the original MCC was 78±3 wt. % after 24 hours, 74±3 wt. % after 3 days, 68±1 wt. % for 6 days, 59±3 wt. % for 10 days, 56±4 wt. % after 14 days, and 50±6 wt. % after 30 days. At the same time, the PO‐CNCs with a minimal yield of 7±1 wt. % were obtained even after one day of reaction. The minimal yield of the PO‐CNCs increased to 12±2 wt. %, 16±1 wt. % and 20±2 wt. % after reaction for 3, 6, and 10 days, respectively. After 14 days, PO‐CNCs with a minimal yield of 27±3 wt. % were obtained and 35±4 wt. % of the PO‐CNCs were harvested after 30 days of reaction.

It is obvious that the most rapid reduction of solid content happened within the first 24 hours and nearly 22 wt. % of cellulose was converted into soluble products. After that, the formation of soluble compounds became much slower. This observation could be attributed to the fast oxidation and degradation of non‐ordered cellulose parts by the high concentration of periodate at the beginning. With the removal of most non‐ordered regions, the ordered regions were partially modified and cleaved with time. Because of the consumption of periodate and the hampered reaction on the remained ordered parts of cellulose, the formation of soluble compounds became even slower after 10 days. Moreover, the isolation efficiency was reduced after 14 days of reaction. With the prolonged oxidation of up to 30 days, the total yield of the PO‐CNCs was 42.7 wt. %. Only 2.6 wt. % of the PO‐CNCs was produced in the following 16 days. In comparison, the increase of the total yield of the PO‐CNCs was as much as 13.4 wt.% with a prolonged reaction from 10 to 14 days. Therefore, we selected 14 days as the optimal reaction time for this study (see Table S1).

Different than the aldehyde groups introduced after a general periodate oxidation in acidic surroundings, only carboxy groups were obtained in both the total solids and on the surface of the PO‐CNCs (Figure [2](#anie201912053-fig-0002){ref-type="fig"} A; see Figure S8). After 24 hours of reaction, 0.13±0.04 mmol g^−1^ of the carboxy groups were detected in the total solids by using conductivity titration. The average concentrations of the carboxy groups in the total solids increased to 0.21±0.01, 0.24±0.02, 0.31±0.01, and 0.41±0.07 mmol g^−1^ after 3, 6, 10, and 14 day reactions, respectively. With the prolonged oxidation to 30 days, the concentration of the carboxy groups reached 0.46±0.09 mmol g^−1^. In comparison, 0.34±0.04 mmol g^−1^ of the carboxy groups were found on the surface of the PO‐CNCs even after 1 day reaction. The content of the carboxy groups increased slightly to 0.42±0.04, 0.43±0.11, and 0.45±0.07 mmol g^−1^ after 3, 6, and 10 day reactions, respectively. After 14 and 30 day reactions, the content of the carboxy groups was maintained at 0.46±0.13 and 0.49±0.1 mmol g^−1^, respectively (Figure [2](#anie201912053-fig-0002){ref-type="fig"} C).

It is obvious that the content of the carboxy groups increased by 0.15 mmol g^−1^ in total solids from 10 days to 30 days. In comparison, the content of the carboxy groups on the PO‐CNCs surface was maintained after 3 days of reaction, and only slightly increased over longer reaction times of up to 30 days. Moreover, during the prolonged reaction from 10 to 30 days, only around 9 wt. % of the total solids was removed, but an additional 15 wt. % of the PO‐CNCs was obtained (Figure [2](#anie201912053-fig-0002){ref-type="fig"} B; see Table S1). Thus, PO‐CNCs should have been isolated from the total solids during the oxidation at longer reaction times. The separation of PO‐CNCs should predominantly result from the introduction of more carboxy groups in the ordered regions and preferentially on the surface of PO‐CNCs, so that only little degradation and loss of total solids is observed. The separation process was slow, and is ascribed to the slow alkaline periodate oxidation on the surface of the PO‐CNCs, as discussed above (Figure [2](#anie201912053-fig-0002){ref-type="fig"} A). Furthermore, the highest content of the carboxy groups that could be introduced onto the PO‐CNCs lay at nearly 0.5 mmol g^−1^ by using this method.

Moreover, the dimensions of the PO‐CNCs from MCC are distributed within a narrow range, independent of the reaction time (Figure [2](#anie201912053-fig-0002){ref-type="fig"} D). The average diameters lie between 3.7±1.9 and 5.3±2.4 nm, and the average lengths are between 116±18.9 and 120.1±17.3 nm (see Table S2). These constant size distributions of the PO‐CNCs indicate that the alkaline periodate oxidation at pH 10 prefers to remove the readily hydrolyzable regions down to the smallest possible dimension of the PO‐CNCs. Further oxidation is impeded and becomes very slow as discussed above. This fact was further verified during an experiment by directly oxidizing PO‐CNCs, isolated from a 14 day oxidation, under identical reaction conditions as used of the alkaline periodate oxidation on MCC at pH 10. Compared to the 14 day periodate oxidation on MCC with less specific surface area and a weight loss of around 44 wt. %, PO‐CNCs underwent a weight loss of only about 20 wt. % after another 14 days of oxidation (Figure [2](#anie201912053-fig-0002){ref-type="fig"} E). The morphology of the oxidized PO‐CNCs and their size distributions were almost identical to the original PO‐CNCs according to TEM measurements (see Figure S9). It should be noted that 0.031 mol of periodate was used to oxidize 0.0062 mol of the anhydroglucose units of the PO‐CNCs. This amount of periodate is theoretically sufficient to oxidize all dihydroxy groups in the anhydroglucose units and convert all products from the β‐alkoxy fragmentation into soluble compounds (Figure [1](#anie201912053-fig-0001){ref-type="fig"} E). Thus, the alkaline periodate oxidation on ordered regions at pH 10 is hampered, while non‐ordered cellulose regions are selectively modified and removed, leaving the ordered parts as PO‐CNCs behind. Compared with the selective periodate oxidation, producing CNCs by acidic periodate oxidation (pH≈4) was realized by reducing the amount of sodium periodate and the reaction time with the application of complicated post treatments.[11a](#anie201912053-bib-0011a){ref-type="ref"}, [18](#anie201912053-bib-0018){ref-type="ref"} Moreover, periodate oxidation under acidic conditions is often used on either raw lignocelluloses or on nanocellulose as the pre‐ and post‐treatment to either improve the separation or to introduce the carboxy/hydroxy groups.[11a](#anie201912053-bib-0011a){ref-type="ref"}, [18](#anie201912053-bib-0018){ref-type="ref"}, [19](#anie201912053-bib-0019){ref-type="ref"} However, prior to this work, the selectivity of periodate oxidation for ordered and non‐ordered cellulose regions has not been reported, and is predominantly because of the low solubility of sodium salts of periodate under basic conditions.[14](#anie201912053-bib-0014){ref-type="ref"}

In addition to structural differences between non‐ordered and ordered cellulose regions having distinct activities towards oxidation, the periodate speciation is the other critical parameter as we discussed above. It is well known that periodate is present as the monoanionic periodate (H~4~IO~6~ ^−^) in aqueous solution at pH 4 (see Figure S10). Periodate oxidation on MCC at pH 4 for 3 days generally results in 2,3‐dialdehyde cellulose, instead of CNCs (see Figures S10 and S11).[20](#anie201912053-bib-0020){ref-type="ref"} In comparison, periodate is present as dimeric orthoperiodate (H~2~I~2~O~10~ ^4−^) in aqueous solution at pH 10 based on the peaks at 411, 549, 621, 720, and 760 cm^−1^ in the Raman spectrum (Figure [2](#anie201912053-fig-0002){ref-type="fig"} F).[21](#anie201912053-bib-0021){ref-type="ref"} This dimer was also supported by X‐ray crystallographic analysis of the crystals of K~4~H~2~I~2~O~10~⋅8 H~2~O generated from this solution (see Figure S12, and Tables S3 and S5 showing the structure of K~4~H~2~I~2~O~10~⋅8 H~2~O as previously reported).[22](#anie201912053-bib-0022){ref-type="ref"}

Furthermore, by using a variety of bases, such as potassium hydroxide, potassium carbonate, or potassium phosphate, in aqueous solution to adjust the pH value to 10, distinct yields of the PO‐CNCs and total solids were obtained under otherwise identical conditions (Figure [2](#anie201912053-fig-0002){ref-type="fig"} G). The yield of PO‐CNCs was correlated with the alkaline strength to be on the order of OH^−^\>HPO~4~ ^2−^\>HCO~3~ ^−^. It should be noted that the periodate ions were present as dimeric orthoperiodate (H~2~I~2~O~10~ ^4−^) in all three solutions, independent of the base used to adjust the pH value 10 (see Figure S13). The observation of dimeric orthoperiodate ions (H~2~I~2~O~10~ ^4−^) in fact differs from the findings of recent studies that showed the presence of only dianionic periodate (H~3~IO~6~ ^2−^) at high pH values, for example, pH 10. Although the predominance of dimeric orthoperiodate ions (H~2~I~2~O~10~ ^4−^) was reported half a century ago,[23](#anie201912053-bib-0023){ref-type="ref"} recent studies using the sodium salt only showed evidence for dianionic periodate ions (H~3~IO~6~ ^2−^).[20](#anie201912053-bib-0020){ref-type="ref"} This difference should primarily result from the different solubilities of sodium and potassium periodate salts in aqueous solutions. At pH 10 and room temperature, the saturation concentration of potassium periodate salts in aqueous solution is approximately 0.31±0.02 mol L^−1^, but that of sodium periodate salts is only 0.0021±0.0003 mol L^−1^. A highly enhanced solubility of potassium periodate salts should be the reason for the formation of dimeric orthoperiodate ions (H~2~I~2~O~10~ ^4−^) at pH 10.

Thus, the selective isolation of PO‐CNCs from cellulose by perdiodate oxidation at pH 10 primarily results from the existence of dimeric orthoperiodate ions (H~2~I~2~O~10~ ^4−^), which have much lower oxidation potentials and are repulsive in the presence of PO‐CNCs because of their higher negative charges (Figure [2](#anie201912053-fig-0002){ref-type="fig"} A; see Figure S6). The structural difference between ordered and non‐ordered cellulose regions promotes the selective and preferential oxidation of non‐ordered parts. Hydroxide ions further degrade oxidized cellulose chains by β‐alkoxy fragmentation into soluble small molecules and enable the isolation of PO‐CNCs.

Furthermore, the reaction solutions can also be repeatedly used for the isolation of PO‐CNCs from MCC for many cycles. We showcase the processes with five cycles by using O~3~ gas to regenerate periodate ions, primarily from iodate ions that were formed during the oxidation (Figure [3](#anie201912053-fig-0003){ref-type="fig"} A). In particular, the alkaline conditions proved to be most beneficial for a high conversion efficiency of iodate into periodate.[24](#anie201912053-bib-0024){ref-type="ref"} Briefly, the supernatant transparent solutions, after the separation of the total solids, were treated with O~3~ gas for at least 1 hour after 14 days of reaction. Periodate was regenerated again in the solutions and enabled further isolation cycles by simply adding MCC into the solutions without any other treatment. PO‐CNCs were continuously harvested at 14 days interval.

![Recyclable isolation of PO‐CNCs from MCC. A) Schematic representation of the recyclable isolation process by regenerating periodate with O~3~ gas. B) The yield of total solids and PO‐CNCs from the first 5 cycles. C) Size distributions and D) The content of carboxy groups of obtained PO‐CNCs from diverse cycles.](ANIE-59-3218-g003){#anie201912053-fig-0003}

For the first five cycles, the yields of the total solids were maintained at 72 to 75 wt. %, except for the first cycle with 56±4 wt. %. The minimal yields of PO‐CNCs from cycles 2--5 were between 20--24 wt. %, and they are only slightly lower than that of the first cycle with 27±3 wt. % (Figure [3](#anie201912053-fig-0003){ref-type="fig"} B). As important characteristics, the size distribution and content of carboxy groups on the surface of the PO‐CNCs from the cycles 2--5 were similar to those from the first cycle. The average diameters lay between 4.9±1.8 and 5.4±2.7 nm, and the average lengths were between 116.8±11.5 and 120.1±19.6 nm. The content of the carboxy groups in the total solids was 0.41±0.07, 0.21±0.05, 0.25±0.03, 0.26±0.05, and 0.24±0.09 mmol g^−1^ for cycles 1--5. The content of the carboxy groups on the CNCs for cycle 1--5 was correspondingly 0.46±0.13, 0.34±0.04, 0.37±0.02, 0.39±0.03, and 0.40±0.05 mmol g^−1^. Compared to the first cycle, the yields of the PO‐CNCs and total solids, as well as the contents of the carboxy groups, were only slightly reduced.

The recyclable reaction solution for the isolation of PO‐CNCs is attractive as it reduces the cost of consumed chemicals for the production of PO‐CNCs. In particular, it presents the potential for the cost‐effective large‐scale production of PO‐CNCs.

In addition to MCC and wood pulp containing nearly pure cellulose, various native lignocellulosic raw materials can also be directly used for isolating PO‐CNCs (Figure [4](#anie201912053-fig-0004){ref-type="fig"}). These lignocelluloses include sawdust of European beech (*Fagus sylvatica*) and Scots pine (*Pinus sylvestris*), and natural plant fibers such as flax and kenaf. PO‐CNCs were facilely obtained directly after selective alkaline periodate oxidation at pH 10 using the same procedure as described above for MCC (Figure [1](#anie201912053-fig-0001){ref-type="fig"} A). The yield of the PO‐CNCs from various lignocelluloses was positively correlated with the cellulose content in the corresponding raw materials (Figure [4](#anie201912053-fig-0004){ref-type="fig"} A and B; see Table S5). 33±2 wt. % of PO‐CNCs were obtained from wood pulp with an average diameter and length of 4.5±0.9 and 85.4±10.7 nm, respectively (Figure [4](#anie201912053-fig-0004){ref-type="fig"} C). About 15±2 wt. % of the PO‐CNCs was isolated from European beech, and they have an average diameter and length of 4.4±0.7 and 88.6±10.0 nm, respectively. About 20±1 wt. % of the PO‐CNCs with an average diameter of 4.6±1 nm and length of 96.9±12 nm were obtained from Scots pine. About 28±2 wt. % of the PO‐CNCs were obtained from flax and 23±2 wt. % from kenaf fibers. The size distribution of the CNCs from flax fibers is 93.8±11.8 nm in length and 4.8±1.2 nm in diameter, while PO‐CNCs from the kenaf fibers have an average length of 86.9±13.7 nm and an average diameter of 4.6±1.2 nm. The average lengths and diameters of the obtained PO‐CNCs are distributed over a narrow range, indicating the yield of highly homogeneous CNCs. Moreover, their sizes can be slightly adjusted within a small range by using distinct raw materials, but are generally smaller than CNCs from sulfuric acid hydrolysis and TEMPO‐mediated oxidation.[6a](#anie201912053-bib-0006a){ref-type="ref"} As mentioned above, these results demonstrate the selectivity of alkaline periodate oxidation of non‐ordered cellulose by preferential removal of the readily hydrolysable regions down to the smallest possible dimension of the PO‐CNCs. The similarity in average diameters from diverse lignocelluloses may be related to similar biosynthesis processes of cellulose in plants. Similar to PO‐CNCs from MCC, the PO‐CNCs from these five lignocellulosic raw materials do not contain any detectable aldehyde groups, only carboxy groups (Figure [4](#anie201912053-fig-0004){ref-type="fig"} D). The carboxy groups were quantified by conductivity titration as follows: 0.25±0.04 mmol g^−1^ for pulp CNCs, 0.48±0.04 mmol g^−1^ for European beech CNCs, 0.56±0.03 mmol g^−1^ for Scots pine CNCs, 0.33±0.04 mmol g^−1^ for flax CNCs, and 0.33±0.02 mmol g^−1^ for kenaf CNCs. It is worth noting here that lignin in these lignocelluloses was fragmented during the alkaline periodate oxidation and removed as soluble compounds. Thus, diverse lignocellulosic raw materials can be directly used for the isolation of CNCs by alkaline periodate oxidation at pH 10, which highly reduces the cost for the production of CNCs. In particular, complicated and time‐consuming pre‐ and/or post‐treatments using other chemicals are not required. In contrast, existing methods for the isolation of CNCs do not effectively work on such native lignocelluloses without pre‐ and/or post‐treatments.[5](#anie201912053-bib-0005){ref-type="ref"}, [7](#anie201912053-bib-0007){ref-type="ref"}

![Direct isolation of PO‐CNCs from various lignocelluloses. A) Microscopy images of the various starting lignocellulosic materials with the scale bars of 200 μm and TEM images of obtained PO‐CNCs with the scale bars of 100 nm. The numbers in microscopic images are cellulose contents (details in Table S5). B) Yields of total solids and PO‐CNCs. C) Size distributions of obtained PO‐CNCs. D) Contents of carboxy groups on PO‐CNCs from various lignocelluloses.](ANIE-59-3218-g004){#anie201912053-fig-0004}

Conclusion {#anie201912053-sec-0003}
==========

In summary, we showed a novel method for the efficient production of CNCs by selective alkaline periodate oxidation of ordered and non‐ordered cellulose regions at pH 10. This selective periodate oxidation demonstrates a new oxidizing property of the periodate ions with diverse oxidation activities for the compounds with the same chemical composition but distinct physical structures (ordered and non‐ordered). In spite of the still controversial studies regarding the types of periodate ions present in alkaline solutions,[12](#anie201912053-bib-0012){ref-type="ref"}, [20](#anie201912053-bib-0020){ref-type="ref"}, [22](#anie201912053-bib-0022){ref-type="ref"}, [25](#anie201912053-bib-0025){ref-type="ref"} we confirmed the presence of dimeric orthoperiodate ions (H~2~I~2~O~10~ ^4−^) at pH 10 given their solubility as the potassium salt in aqueous solution.[20](#anie201912053-bib-0020){ref-type="ref"} Under these reaction conditions, the non‐ordered cellulose regions undergo selective oxidation and subsequent β‐alkoxy fragmentation, which are also realized for the first time within one procedure. In contrast, the oxidation of ordered regions is hampered, which leads to homogeneous PO‐CNCs with very narrow distribution range of dimensions (length and diameter). Furthermore, various native lignocellulosic raw materials, including saw dusts and plant fibers, were used directly for the preparation of PO‐CNCs. The surface of the PO‐CNCs generally contains carboxy groups, independent of the reaction time and raw materials. Compared with the other existing methods, our method has several advantages, which include direct use of biobased raw materials (e.g., biowaste), only mild stirring at ambient conditions (i.e. intense energy input is not required), no need for pre‐/post‐treatments, and scalable production, even with simple equipment. This method will attract attention from both the scientific and industrial fields.
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